INTRODUCTION
Most marketed vaccines against encapsulated pathogenic bacteria, such as Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria meningitidis, are based on pathogen-borne capsular polysaccharides (CPSs). CPSs are composed of repeating units that contain a variety of potentially immunogenic glycan epitopes (glycotopes) that are recognized as "nonself" by the immune system (1) . Some clinically approved vaccines, such as the pneumococcal vaccine Pneumovax 23, comprise mixtures of isolated CPSs to protect against some of the more than 90 S. pneumoniae serotypes. More immunogenic and efficacious pneumococcal glycoconjugate vaccines such as Prevnar 13 are based on isolated CPSs that are chemically conjugated to carrier proteins. Immunization with vaccines based on isolated polysaccharides generates a polyclonal immune response that may be directed toward multiple glycotopes. Glycotopes inducing antibodies that protect from disease are considered protective. Reaction to impurities present in the isolate, to neoepitopes introduced during isolation and conjugation, or to immunodominant glycotopes as part of an immune evasion strategy by the pathogen may cause a nonprotective response (2) (3) (4) (5) . Furthermore, the abundance of co-isolated impurities in crude polysaccharide preparations hampers the manufacture of polysaccharide-based vaccines, and a number of quality control steps are needed to characterize isolates (1) .
Chemically defined and free from cell-derived contaminants, synthetic oligosaccharides are a powerful alternative as vaccine antigens. Synthetic oligosaccharides can be designed on the basis of protective glycotopes so that conjugation to a carrier protein yields efficacious semisynthetic vaccines. However, the design of oligosaccharide antigens requires information on the identity of protective glycotopes within a CPS. The conventional iterative vaccine development approach relies on the synthesis of antigens and immunological evaluation of glycoconjugates (6, 7) . Thereby, the plethora of putative glycotopes in a polysaccharide challenges traditional chemical synthesis because a number of different structures are needed. A more recent glycotope discovery approach uses structure-based reverse engineering of antigen binding sites of protective monoclonal antibodies (mAbs) and has greatly advanced the field of glycoconjugate vaccines (1, 8) . However, structure elucidation of carbohydrate-mAb interactions by classical biophysical methods such as x-ray crystallography is slow and suffers from low throughput.
Two methods of chemical glycobiology are particularly suitable to address the shortcomings of glycotope discovery. First, automated glycan assembly (AGA) can produce complex glycans by using an automated solid-phase oligosaccharide synthesis workflow (9, 10) and allows for the rapid generation of glycan collections. Second, glycan microarrays use glycan collections to characterize multiple binding events of proteins to surface-immobilized glycans in a single experiment (11) . Combining AGA with glycan microarrays simplifies both glycan accessibility and glycotope mapping compared to conventional methods.
Here, we describe the combination of AGA and reverse engineering of a protective mAb by glycan microarray to design a semisynthetic S. pneumoniae serotype 8 (ST8) glycoconjugate vaccine candidate. Highly virulent ST8 causes frequent outbreaks of invasive disease. ST8 is part of the polysaccharide vaccine Pneumovax 23 but is not included in conjugate vaccines such as Prevnar 13. Many clinical ST8 isolates are broadly resistant to antibiotics such that vaccination to prevent rather than fight ST8 infections is advisable (12, 13) . The combination of AGA, glycan microarrays, and mAb reverse engineering produced semisynthetic glycoconjugate vaccines against ST8 that were combined with Prevnar 13 to form experimental 14-valent vaccines. The reported glycotope discovery approach could greatly accelerate the development of efficacious prophylactic or therapeutic vaccines based on synthetic glycans.
RESULTS
AGA of all frameshifts of ST8 CPS ST8 CPS consists of a linear tetrasaccharide repeating unit with the (Fig. 1A) (14, 15) and shares a common cellobiuronic acid disaccharide [b-D-GlcpA-(1→4)-b-D-Glcp] with S. pneumoniae serotype 3 (ST3) CPS (6, 15) . The repetitive nature of ST8 CPS allows for the definition of four tetrasaccharide frameshifts A to D with different monosaccharide sequences (Fig. 1A) . Octasaccharides derived from ST8 CPS hydrolysis have been found to induce protective immunity (16) ; however, on the basis of the findings that glycans as small as dito tetrasaccharides induced protective immunity against other S. pneumoniae serotypes (8, 9, 17) , we reasoned that a collection of all four tetrasaccharide frameshifts would cover most glycotopes in ST8 CPS that are relevant for antibody reverse engineering. We used AGA to synthesize conjugationready variants of all four frameshifts A(1), B(2), C(3), and D(4) from polystyrene resin 5 and orthogonally protected building blocks 6 to 11 (Fig. 1B and fig. S1 ) in milligram quantities for glycan microarray screening of antibodies. Commercially available ST8 CPS is heavily contaminated with pneumococcal C-polysaccharide (18, 19) , a common impurity in marketed pneumococcal glycoconjugate vaccines, whereas our chemical synthesis generated glycans devoid of cellular contaminants (Fig. 1C) .
Glycotope mapping of ST8-binding antibodies
Glycan microarrays containing all ST8 CPS frameshifts served to map the glycotopes that are recognized by antibodies. Oligosaccharides 1 to 4 and native ST8 CPS were covalently immobilized on glass slides and probed with antibodies. We initially screened polyclonal sera raised against native ST8 CPS (Fig. 2, A and B ). All four synthetic glycans and the native ST8 polysaccharide were recognized by both a human reference serum mixture (007sp) and a rabbit-derived ST8 typing serum H nuclear magnetic resonance (NMR) (600 MHz) spectra with commercially available ST8 CPS in D 2 O at 25°C. Red arrowheads indicate peaks from pneumococcal C-polysaccharide as reported (18) . ppm, parts per million. (20) . The human serum bound preferentially to frameshifts B(2) and C(3), but only binding to frameshift C(3) was inhibited by antibody preadsorption with native ST8 CPS (Fig. 2, A and B, and fig. S2 ). Non-ST8-dependent recognition of frameshift B may reflect the presence of naturally occurring antibodies in human sera that recognize glycotopes such as the terminal a-galactoside (21) . The rabbit serum preferentially bound to frameshifts A(1) and B(2) ( Fig. 2A and fig. S2 ). Binding was abrogated by ST8 CPS preadsorption in both cases (Fig. 2B and fig. S2 ). Polyclonal antisera contain both protective and nonprotective antibodies and therefore may not reveal the identity of protective glycotopes. We anticipated that analyzing a protective mAb could provide insights into the nature of a protective ST8 CPS glycotope. mAb 28H11, a murine immunoglobulin M (IgM) raised against native ST8 CPS, protects mice from infection with live ST8 pneumococci in vivo (3). Glycan microarray analysis revealed a robust interaction of mAb 28H11 with ST8 frameshift C(3) that was bound with a five times higher intensity than frameshifts B(2) and D(4) ( Fig. 2A and fig. S2 ). mAb 28H11 did not bind frameshift A(1). Frameshift C(3) recognition by mAb 28H11 was specific and could be blocked by adding native ST8 CPS (Fig. 2B  and fig. S2 ). Thus, frameshift C tetrasaccharide 3 contains a protective ST8 glycotope.
Evaluation of the immune response against synthetic ST8 frameshift C To procure sufficient quantities of a frameshift C tetrasaccharide for detailed immunological evaluations, we developed a scalable solutionphase synthetic route of a frameshift C tetrasaccharide ( fig. S3 , A and B) (12) . Frameshift C tetrasaccharides 3 and 12 differed in the choice of reducing-end linkers that were tailored to provide sufficient distance from microarray slides (five-carbon linker in 3) or reduced hydrophobicity to facilitate protein conjugation (two-carbon linker in 12). A disaccharide fragment 13 was prepared from a synthetic intermediate to probe antibody specificity ( fig. S3C) .
Tetrasaccharide frameshift C(12) was conjugated to the widely used carrier protein CRM197 to establish whether immunization with this glycoconjugate would recapitulate the glycan binding pattern of mAb 28H11 (Fig. 3A) . The glycoconjugate contained on average 9.6 oligosaccharide chains on each CRM197 protein ( fig. S4 ).
We performed an immunization experiment with CRM197-frameshift C(12) using different combinations of mouse strains and adjuvant formulations (Fig. 3B ) and monitored the immune response by glycan microarray. We included disaccharide 13 and tetrasaccharide 14, a synthetic dimer of cellobiuronic acid that is an ST3 vaccine candidate (6, 17) , in the microarray experiment to evaluate the glycan binding characteristics of immune sera (Fig. 3C) . Sera from mice immunized with the CRM197-frameshift C(12) glycoconjugate either cross-reacted to native ST8 CPS or recognized ST3 tetrasaccharide 14 (Fig. 3D ). Binding to tetrasaccharide 14 was observed more frequently, indicating that tetrasaccharides 12 and 14 share a glycotope that is immunogenic in mice. Both immune responses were mutually exclusive because no serum sample bound both ST3 tetrasaccharide 14 and ST8 CPS (Fig. 3E  and fig. S5 ). Thus, ST8 CPS-binding antibodies can be raised by immunization with a semisynthetic frameshift C glycoconjugate, but a glycotope that is part of an ST3 CPS tetrasaccharide is more immunogenic and does not confer cross-reactivity to ST8 CPS in mice. Additionally, all sera cross-reacted with an unrelated N-acetylglucosamine-BSA glycoconjugate, likely because of the presence of free spacer molecules on the carrier protein as a side product of the conjugation reaction (Fig. 3D ).
Development of mAbs directed against ST8 frameshift C We then closely investigated the immune response invoked by the CRM197-frameshift C(12) glycoconjugate. To define protective glycotopes within the frameshift C tetrasaccharide, we generated two mAbs, 1H8 [IgG1(k)] and 1F1 [IgM(k)], using splenocytes of a mouse that mounted an immune response against both synthetic frameshift C and ST8 CPS (no. 1160; figs. S5 and S6). Both mAbs bound to immobilized ST8 CPS ( fig. S7A ), and similar to mAb 28H11, mAb 1H8 showed detectable binding at antibody concentrations as low as 50 ng/ml. mAb 1H8 binding to synthetic ST8 CPS frameshifts closely resembled the binding pattern of mAb 28H11 by glycan microarray (see Fig. 2 ), with specificity toward frameshift C(3) and less robust binding to frameshifts B(2) and D(4) (Fig. 4A ). In contrast, mAb 1F1 was more promiscuous toward synthetic glycans, especially frameshifts B (2) and D(4) ( fig. S7B ). To shed light on the polysaccharide binding behavior of mAbs 1H8 and 1F1, we next used surface plasmon resonance to assess whether the mAbs bind terminal or internal glycotopes of ST8 CPS. Binding of terminal glycotopes to immobilized mAbs would lead to a 1:1 interaction with detectable dissociation rates, whereas binding of internal glycotopes would exhibit undiscernible dissociation rates due to rebinding (22) . We found that both mAbs 1H8 and 1F1 recognize internal glycotopes ( Fig. 4B and fig. S7C ). This finding was confirmed by the markedly accelerated dissociation of ST8 CPS fragments of intermediate (one to eight repeating units) chain lengths generated by acid-mediated depolymerization (16) , as well as the 1:1 binding pattern of synthetic tetrasaccharide frameshift C(12) harboring a single repeating unit ( fig.  S8 ). Thus, mAbs raised against the ST8 frameshift C recognize internal rather than terminal glycotopes within the native polysaccharide.
Evaluation of ST8 frameshift C-directed mAbs in vitro and in vivo
We then investigated whether mAbs 1H8 and 1F1 bind ST8 bacteria. Immunofluorescence staining of inactivated, fluorescently labeled S. pneumoniae revealed that both mAbs bound to ST8 capsules, as assessed by fluorescence microscopy ( Fig. 4C ) and flow cytometry ( Fig.  4D and fig. S7D ). Interactions between mAbs 1H8 and 1F1 and bacteria are ST8-specific because neither mAb bound S. pneumoniae serotype 1 (ST1) or ST3, and isotype-matched control antibodies did not bind ST8.
Next, we determined in vitro and in vivo whether mAbs against frameshift C could mount an antipneumococcal defense. mAb 1H8 rather than 1F1 was used because it binds ST8 CPS better, and IgG antibodies are more relevant to the outcome of vaccinations than IgM antibodies. Antibody-dependent opsonization of bacteria is the most important defense mechanism against S. pneumoniae infections. In the presence of HL-60 cells as a phagocyte source, mAb 1H8 triggered opsonophagocytic killing at the same order of magnitude as high concentrations of reference sera ( Fig. 5A) (23) .
To determine whether binding of mAb 1H8 to native ST8 polysaccharide is functional in a disease setting, we studied protection of mice from pneumococcal infection after passive immunization. mAb 1H8 was administered to mice before transnasal infection with a lethal dose of ST8 ( Mapping ST8 frameshift C protective and nonprotective glycotopes Immunization of mice with a CRM197-frameshift C(12) glycoconjugate induced immune responses either toward the ST8 polysaccharide or to the cellobiuronic acid-containing tetrasaccharide 14 (see Fig. 3 , D and E). Binding to ST8 CPS was key to protection from pneumococcal infection. We next determined the nature of protective and nonprotective glycotopes found in ST8 frameshift C using a collection of synthetic, ST8 and ST3 CPS-related oligosaccharides (Fig. 6 , A and C) (17) . Antisera that were raised against frameshift C(12) and bound to ST3 tetrasaccharide 14 interacted with cellobiuronic acid 18, whereas mAb 1H8 did not recognize disaccharide 18 by glycan microarray and surface plasmon resonance (Fig. 6, A and B) . Little or no binding was found to frameshifted ST3 disaccharide 19, ST3 CPS-derived trisaccharides 16 and 17, or native ST3 CPS, confirming that cellobiuronic acid is the immunogenic glycotope in ST8 frameshift C (Fig. 6A) . The immune response induced by that glycotope in mice did not confer crossreactivity toward ST8 or ST3 CPS. Thus, the information conferring protective immunity against ST8 CPS is likely located elsewhere in the frameshift C tetrasaccharide.
To identify the protective glycotope in ST8 frameshift C in detail, we synthesized a panel of ST8 frameshift C-related glycans 21 to 24 ( fig. S10 ). Saccharides 21 and 22 lacked the terminal glucuronic acid (GlcA) moiety that is an integral part of the nonprotective cellobiuronic acid glycotope, with tetrasaccharide 22 as a "reduced" frameshift C congener containing a terminal glucose (Glc) instead of GlcA. Penta-and hexasaccharides 23 and 24 served to study the effects of saccharide extensions at the nonreducing end of frameshift C. Disaccharide 20 represents the internal frameshift C disaccharide.
Glycan microarrays containing the collection of synthetic frameshift C-related oligosaccharides served to elucidate the protective glycotope of ST8 CPS recognized by mAbs 1H8 and 1F1 (Fig. 6C and fig. S12 ). Omission of the terminal GlcA moiety of frameshift C did not abrogate binding by either mAbs, as long as the reducing-end sequence b-DGlcp-(1→4)-a-D-Glcp-(1→4)-a-D-Galp was intact; both trisaccharide 21 and tetrasaccharide 22 were recognized with comparable intensities to frameshift C(3). Further glycan extension at the nonreducing end in oligosaccharides 23 and 24 did not improve binding. In contrast, truncation of trisaccharide 21 by a single monosaccharide residue at either reducing or nonreducing end (20 or 13, respectively) led to almost complete ablation of binding. All interactions were abrogated by mAb preadsorption to native ST8 CPS ( fig. S12) . Thus, the trisaccharide b-DGlcp-(1→4)-a-D-Glcp-(1→4)-a-D-Galp, represented by glycan 21, is the smallest structure containing a protective epitope of ST8 frameshift C.
To probe a possible correlation between binding preferences for anti-ST8 mAbs and affinities, we measured the dissociation constants (K d ) of mAb 1H8 and synthetic ST8 CPS-derived oligosaccharides ( fig. S13 ). Similar K d values of 2.0 to 5.8 mM were measured for mAb 1H8 binding of ST8 frameshift C(12), trisaccharide 21, and tetrasaccharide 22, whereas binding of disaccharide 13 was about fivefold weaker. These results are in good agreement with the microarray data on the respective mAb-oligosaccharide interactions (see Fig. 6C ) and confirm the role of the trisaccharide b-D-Glc-(1→4)-a-D-Glc-(1→4)-a-D-Gal found at the reducing end of frameshift C as a protective glycotope of ST8 CPS.
Development of a semisynthetic S. pneumoniae ST8 glycoconjugate vaccine With information on protective and nonprotective glycotopes of ST8 frameshift C in hand, we developed a semisynthetic glycoconjugate vaccine against ST8. The initial immunogenicity screening experiments in Fig. 3 revealed high spacer and weak glycan immunogenicity as the main challenges en route to an ST8 vaccine candidate. To address spacer immunogenicity, we changed the reagent used for the glycan-protein conjugation from a bis-N-hydroxysuccinimide ester to a more stable bis-nitrophenol ester (24) , thereby reducing the amount of free spacer on the final glycoconjugate ( fig. S14 ). CRM197 glycoconjugates of trisaccharide 21 and tetrasaccharide 22 that contained the protective glycotope but lacked the nonprotective cellobiuronic acid substantially reduced the immune response against free spacer during immunization experiments in mice ( fig. S15 ). However, immunogenicity of tetrasaccharide 22 was low in mice, and a CRM197-21 glycoconjugate did not induce a ST8 CPS-directed immune response ( fig. S15 ). In contrast to mice, semisynthetic ST8 glycoconjugates induced reliable immune responses against native ST8 CPS in rabbits. We immunized rabbits with CRM197 glycoconjugates prepared by bis-nitrophenol ester conjugation of synthetic ST8 frameshift C(12) (termed CRM197-12 v.2), tetrasaccharide 22, as well as hexasaccharide 24 in the presence of Alum (Fig. 7A and fig.  S16 ). All glycoconjugates, but not CRM197 alone, induced a robust immune response against ST8-related glycans, including ST8 CPS, in all rabbits, as assessed by glycan microarray (Fig. 7B and fig. S16 ). Polysaccharide enzyme-linked immunosorbent assay (ELISA) indicated a time course-dependent immune response as well as robust binding to ST8 CPS (Fig. 7, C to F) . Tetrasaccharide 22 induced an ST8-directed immune response with similar ELISA end point titers as frameshift C(12) and hexasaccharide 24 (Fig.  7F) , underlining the nature of the reducing-end trisaccharide as a protective glycotope of frameshift C.
Extension of the 13-valent vaccine Prevnar13 by addition of semisynthetic S. pneumoniae ST8 glycoconjugates ST8 is not contained in current polysaccharide-based glycoconjugate vaccines such as Prevnar 13. The combination of these vaccines with semisynthetic glycoconjugates may be relevant to expand current formulations or to replace serotypes that are not efficiently targeted because of difficulties during polysaccharide isolation and conjugation. To assess whether semisynthetic oligosaccharide-based ST8 glycoconjugates are compatible with marketed polysaccharide-based vaccines, we coformulated Prevnar 13 with ST8 glycoconjugates to create 14-valent vaccines. Adsorption of CRM197 glycoconjugates containing frameshift C(12) or tetrasaccharide 22 to the AlPO 4 -based Prevnar 13 emulsion was confirmed by flow cytometry using mAb 1H8 to detect these glycans (Fig. 8A and fig. S17, A and B) . ST8 glycoconjugates were adsorbed to Prevnar 13 in a dose-dependent manner (Fig. 8A ).
Orthogonal detection of ST1 CPS with rabbit-derived ST1 typing serum indicated that ST8 glycoconjugate adsorption does not abrogate adsorption of other serotypes in Prevnar 13, such as ST1 (fig. S17, C and D).
Rabbits were then immunized with 14-valent coformulations of Prevnar 13 and CRM197-12 v.2 or CRM197-22 (Fig. 8B) . The ST8 glycan dose (2.2 mg) was equal to that of most individual serotypes in the commercial vaccine. Both 14-valent vaccines, but not Prevnar 13 alone, induced a pronounced immune response against ST8 CPS (Fig. 8, C and  D) . Sera of rabbits immunized with the 14-valent vaccines mediated opsonophagocytic killing of ST8 pneumococci, in contrast to sera from Prevnar 13-immunized rabbits (Fig. 8, E and F) . Serum dilutions between 1:32 and 1:128 still induced 50% killing, well above the criteria of 1:8 for protective immunity against pneumococci (25) and similar to the opsonophagocytic killing efficacy of 007sp, the reference serum established by the World Health Organization to evaluate new pneumococcal glycoconjugate vaccines (20) . Coformulation with ST8 glycoconjugates did not impair the immunogenicity of other Prevnar 13-specific glycoconjugates because the immune response of rabbits toward six Prevnar 13-specific CPSs was not markedly decreased ( fig. S18 and table S2). Thus, semisynthetic ST8 glycoconjugates induce a robust, antibacterial immune response when coformulated with a multivalent, polysaccharide-based glycoconjugate vaccine.
DISCUSSION
Glycoconjugate vaccines have had tremendous success in preventing infections from encapsulated bacteria and are part of childhood immunization schedules. Despite the advances made in covering an increasing number of serotypes, polysaccharide-based pneumococcal vaccines fail to induce an immune response with acceptable opsonophagocytic killing properties against certain serotypes (26, 27) and do not cover some of the most invasive types at all. Certain bacterial polysaccharides fail to induce a protective immune response in their native form, and alternative strategies are needed to develop efficacious vaccines (5, 28). Synthetic antigens are free of cellular impurities, are structurally defined, and can be reproducibly manufactured in large quantities, as illustrated by a glycoconjugate vaccine against shigellosis that is entering clinical trials (29) . A tremendous advantage of synthetic over isolated antigens is the possibility to include protective while omitting nonprotective glycotopes to optimize the efficacy and advance the production of glycoconjugate vaccines. However, identifying these glycotopes from first principles is cumbersome and one reason why only few semisynthetic glycoconjugate vaccines have entered clinical evaluation stages. We describe here a strategy for the rapid discovery of protective glycotopes to aid the generation of efficacious semisynthetic glycoconjugate vaccines. ST8 served as a model because very few synthetic ST8 glycans have been prepared thus far (30) . Our approach relies on the availability of synthetic glycan collections to drive glycotope discovery. AGA provided straightforward access to all four frameshifts of the native ST8 polysaccharide, and pairing AGA with glycan microarrays allows for rapid antibody reverse engineering. With the ongoing commercialization of AGA and the development of methods to facilitate synthesis (31), our glycotope discovery strategy can be implicated in the design of glycoconjugate vaccines on a broader scale.
Uncovering the frameshift of a polysaccharide that is bound by a mAb may not directly reveal the corresponding minimal protective glycotope. Accordingly, we identified the cellobiuronic acid moiety in frameshift C to be nonprotective but immunodominant in mice to the protective glycotope b-D-Glcp-(1→4)-a-D-Glcp-(1→4)-a-D-Galp in the same frameshift. Although a cellobiuronic acid disaccharide antigen was found to confer protective immunity against ST3 (6), no ST3-directed immune response was found after immunization of mice with CRM197-frameshift C(12), possibly because of the different presentation of cellobiuronic acid within the ST8 sequence. Thus, although the availability of all ST8 frameshifts was crucial to get insight into the presence of protective glycotopes, a more comprehensive glycan collection was required to exclude nonprotective glycotopes. In-depth characterization of protective frameshift C-directed mAbs revealed a trisaccharide glycotope that was weakly immunogenic in mice but induced a robust antibacterial immune response as a vaccine antigen in rabbits. Little is known about the species-specific differences in anticarbohydrate immune responses. Despite engaging a unique mechanism of creating antibody diversity (32) , rabbits are phylogenetically closer to humans than rodents and have been used extensively in the development of glycoconjugate vaccines (33, 34) . The fact that rabbits develop more reproducible immune responses than mice against synthetic ST8-related glycans may hint at a more favorable general antibody architecture in rabbits (35) . Alternatively, the antibody repertoire in rabbits, but not mice, may allow for the preferential generation of antibodies that recognize internal glycotopes as part of native polysaccharides.
Although immune responses correlated well between rabbits and primates in the evaluation of a polysaccharide-based glycoconjugate vaccine (33) , optimized protective glycotopes may vary between species. The efficacy of semisynthetic glycoconjugate vaccines against ST8 in humans will be revealed during clinical evaluation. Reverse engineering human instead of murine mAbs is a promising avenue to circumvent species-specific antigen preferences if such antibodies are available.
Several parameters have to be optimized before translation of semisynthetic glycoconjugates to the clinic. These parameters include the antigen/carrier ratio and dose that may have an effect on immunogenicity (36), the adjuvant and excipient used for formulation, glycoconjugate stability and toxicity, and the immunogenicity in humans. Guidelines on the development of glycoconjugate vaccines are mostly tailored toward isolated polysaccharide antigens (1, 37) . Most quality control steps in the current vaccine manufacturing process aim to reduce co-isolated impurities, and antigen characterization is often performed by wet chemistry. In contrast, the generation of homogeneous synthetic glycan antigens is no different from small-molecule therapeutics, including the development of process scale synthesis routes and standardized analytical procedures. The advent of semisynthetic glycoconjugate vaccines in preclinical and clinical stages of development requires the implementation of appropriate quality control guidelines, which will likely be much more concise than existing ones.
Synthetic vaccine antigens against a number of encapsulated, pathogenic bacteria have been reported. The combination of synthetic oligosaccharide antigens with existing efficient polysaccharide antigens in the same vaccine has great potential to increase the number of pathogens covered but requires information on the compatibility of both. Our finding that semisynthetic ST8 glycoconjugates can be combined with a marketed polysaccharide-based pneumococcal vaccine while retaining the immunogenicity of both components is crucial for vaccine expansion. Development, in vivo immunological testing, and compatibility assessment of glycan antigens against other serotypes will allow for the rapid generation of protective vaccines against a multitude of different pathogens.
MATERIALS AND METHODS

Study design
Predefined study components. Sample sizes were calculated using G*Power 3.1.9.2 (38) . For active immunization experiments, a signal increase of 10 ± 2.5 in polysaccharide ELISA was targeted with respect to control groups or preimmune serum (33) , resulting in an effect size of d = 3.6 with a = 0.05 and a power of 1 − b = 0.8, hence n = 3 (one-tailed, unpaired Mann-Whitney U test). This sample size was changed to n = 6 in immunizations of mice with CRM197-22 after previous immunizations had revealed a high variability in antiglycan immune responses of mice. Mice were kept in cages of three animals. During active immunization experiments, mice were examined for their appearance, behavior, grooming, and body weight. Predefined criteria for premature euthanasia included >20% weight loss and the general criteria impaired reflexes, pain, bleeding, and lethargy. Mice were humanely sacrificed after the end of the experiment by cervical dislocation. For passive immunization experiments, the bacterial burden (log CFU/ml blood) after infection was determined as 6 ± 1.5. A reduction of 50% of this value was targeted by mAb treatment, resulting in an effect size of d = 2.0 with a = 0.05 and a power of 1 − b = 0.8, hence n = 5 (one-tailed, unpaired Mann-Whitney U test). Mice were kept in cages of five animals. Mice were humanely sacrificed when they reached at least one of the predefined criteria [(i) body temperature <30°C, (ii) body weight loss >20%, (iii) cumbersome breathing, and (iv) accelerated breathing in combination with staggering, pain, or paleness] by exsanguination via the caudal vena cava after intraperitoneal injection of ketamine (160 mg/kg body weight) and xylazine (75 mg/kg). No data were excluded. Negative fluorescence intensities in glycan microarray experiments indicated the absence of binding and were arbitrarily set to 0. Rationale and design of the study. The aim of this work was to design a semisynthetic glycoconjugate vaccine against S. pneumoniae ST8. All four frameshifts of the tetrasaccharide repeating unit of the ST8 CPS were generated by AGA and used to reverse-engineer a protective mAb against ST8 CPS. Synthetic tetrasaccharide antigen frameshift C(12) was applied as a vaccine hapten in mice. Because, in addition to an immune response against the native ST8 CPS, this antigen frequently induced a nonprotective immune response, mAbs were generated to map the precise glycotopes needed for protective immunity. A mAb raised against 12 protected mice from lethal pneumococcal infection and revealed the protective glycotope of 12. On that basis, semisynthetic glycoconjugates containing the protective glycotope were used to induce an antibacterial immune response in rabbits. It was further shown that ST8 glycoconjugates can be combined with a marketed vaccine against S. pneumoniae against other serotypes. Randomization/blinding. During passive immunization, mice receiving different doses of the same antibody were cohoused in the same cage. No blinding was carried out. Replication. The number of replicates for each experiment is specified in the figure legends. Relevance of the work on the replacement, reduction, or refinement (3R principle) of animal experiments. Compared to traditional glycotope discovery strategies, mAb reverse engineering alleviates the need of iterative antigen generation and immunization and therefore potentially lowers the number of experimental animals used. Animals in Research: Reporting In Vivo Experiments (ARRIVE) guidelines for animal research were followed.
Chemical synthesis
Saccharides were synthesized from protected precursor building blocks by either AGA or solution-phase oligosaccharide synthesis, as described in Supplementary Methods, figs. S1, S3, S10, and S11, and table S1.
Glycan microarray analysis
Synthetic oligosaccharides and natural polysaccharides were spotted on N-hydroxysuccinimide-activated glass slides as described in Supplementary Methods. Slides were quenched, blocked, and treated with the corresponding antibody samples. Binding was visualized by fluorescence readout after incubation with fluorophore-labeled secondary antibodies.
Glycoconjugate immunizations
All mouse experiments were approved by local institutional (Charité-Universitätsmedizin Berlin) and governmental authorities (Landesamt für Gesundheit und Soziales Berlin approval IDs G0128/12, G0135/14, and A0305/12). Animal housing and experiments were in strict accordance with the regulations of the Federation of European Laboratory Animal Science Associations and recommendations for the care and use of laboratory animals. All mice were housed under specific pathogenfree conditions. Mice (6-to 8-week-old female BALB/c or C57BL/6N mice; Charles River) were immunized subcutaneously with the CRM197-frameshift C(12) glycoconjugate (4 mg of synthetic glycan per dose) formulated either as a 1:1 (v/v) emulsion with Complete Freund's Adjuvant (CFA; Sigma-Aldrich), a 1:1 (v/v) suspension with Alum (Alhydrogel, Brenntag), a 1:1 (v/v) suspension with Alum containing monophosphoryl lipid A (50 mg/ml; Avanti Polar Lipids), or without adjuvant at a total volume of 100 ml. Alum mixtures were incubated overnight at 4°C before use. Booster doses were given at days 14 and 28 using the same strategy. Mice primed with CFA received booster doses with Incomplete Freund's Adjuvant (Sigma-Aldrich). Blood (50 ml) was withdrawn once a week from the tail vein or the facial vein to retrieve serum.
Rabbit immunization experiments were performed by BioGenes GmbH. Rabbits were housed and handled according to international animal regulations [European Union (EU) Directive 2010/63/EU] and sanctioned by governmental authorities (Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern). Rabbits (10-to 12-week-old female Zika rabbits, 2.5 to 3 kg; n = 3 per group) were immunized subcutaneously at days 0, 14, and 28 at four different sites. Sera were collected at days 0, 14, 21, and 35. For immunogenicity assessment, glycoconjugate (10 mg of glycan per dose) or CRM197 (100 mg) was formulated in 400 ml per dose containing 200 ml of Alum and incubated overnight at 4°C. For Prevnar 13 + ST8 glycoconjugate coformulations, ST8 glycoconjugate (2.2 mg of glycan per dose) in 20 ml of phosphate-buffered saline (PBS) was admixed to a full dose of Prevnar 13 for each immunization dose and incubated overnight at 4°C. Prevnar 13 was used for control immunizations.
Opsonophagocytic killing assay
An OPKA was performed as described (24) . Briefly, HL-60 cells were differentiated for 1 week with N,N′-dimethylformamide, washed twice with Hank's balanced salt solution supplemented with 0.1% (w/v) gelatin (OPKA buffer), and diluted to a density of 10 7 cells/ml in the same buffer directly before use. Bacteria were grown in growth medium at 37°C/5% CO 2 to log phase [OD 600 (optical density at 600 nm), about 0.2 to 0.3], diluted in freezing medium to a density of 10 6 CFU/ml, and frozen in 0.5-ml aliquots at −80°C. Bacteria were diluted with OPKA buffer and aliquoted (1000 CFU in 20 ml each) in a 96-well plate. Bacterial suspensions were treated with mAb solutions or antiserum dilutions in triplicates and incubated for 15 min at 37°C. Complement source [10% (v/v) of the total volume; rabbit complement, Cedarlane] and differentiated HL-60 cell suspension (40 ml; phagocyte/bacteria ratio, 400:1) were added, and the suspensions were incubated for 45 min at 37°C with shaking. An aliquot of each well was plated on Columbia Agar plates with 5% (v/v) sheep blood, and CFU were counted after incubation at 37°C/5% CO 2 overnight. Control wells lacked either antibody or complement. Killing was calculated relative to wells lacking antiserum. Antibody concentration in graphs relates to the initial opsonization stage (mAbs) or dilution after addition of all assay components (antisera).
Passive immunization and lethal pneumococcal challenge S. pneumoniae ST8 was cultured in growth medium at 37°C/5% CO 2 to log phase, harvested, and suspended in sterile PBS. Female BALB/c mice (12 weeks old, 20 to 22 g; Charles River) were treated intraperitoneally with mAbs 1H8 or anti-Yersinia pestis 1E12 at doses of either 10 or 100 mg in 100-ml sterile PBS 2 hours before infection. Mice were anesthetized by intraperitoneal ketamine (80 mg/kg; Ketavet, Pfizer) and xylazine (25 mg/kg; Rompun, Bayer) and transnasally inoculated with 1 × 10 5 CFU S. pneumoniae in 20 ml PBS. Disease severity was evaluated at 12-hour intervals (more often if severely ill) for 96 hours after bacterial infection to assess appearance, behavior, grooming, respiration, body weight, and rectal temperature. Blood samples (maximum 20 ml) were removed from tail veins of surviving mice 30 and 60 hours after infection. Ninety-six hours after infection, surviving mice were anesthetized with intraperitoneal ketamine (160 mg/kg) and xylazine (75 mg/kg). After heparinization, blood was drawn from the vena cava caudalis and lungs were removed.
Serial dilutions of blood samples were plated on Columbia Agar plates with 5% (v/v) sheep blood and incubated at 37°C under 5% CO 2 overnight to count the CFU. Blood antibody levels were monitored by glycan microarray analysis after 0.2-mm sterile filtration of 1:20 dilutions of blood samples and comparison of the frameshift C(3) signal with a series of different concentrations of mAb 1H8.
To assess the residual bacterial burden of mice 96 hours after infection, we homogenized the lungs by passage through a cell strainer (100 mm; BD Biosciences). Serial dilutions of lung homogenates were assessed for CFU growth.
Statistical analysis
Statistical analysis was performed using Prism 6 (GraphPad Software Inc.). The tests used are stated in the corresponding figure legends. Nonparametric tests are used to assess the outcome of rabbit immunizations.
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